Abstract − Numerical simulation technique has been developed to calculate microwave backscattering from water surface. The simulation plays a role of a substitute for experiments. Validation of the simulation was shown by comparing with experimental results. Water area observations by microwave radar have been simulated to evaluate algorithms and systems. Furthermore, the simulation can be used to understand microwave scattering mechanism on the water surface. The simulation has applied to the various methods for water area observations, and the utilizations of the simulation are introduced in this paper. In the case of fixed radar, we show following examples, 1. Radar image with a pulse Doppler radar, 2. Effect of microwave irradiation width and 3. River observation (Water level observation). In addition, another application (4.Synthetic aperture radar image) is also described. The details of the applications are as follows. 1. Radar image with a pulse Doppler radar: A new system for the sea surface observation is suggested by the simulation. A pulse Doppler radar is assumed to obtain radar images that display amplitude and frequency modulation of backscattered microwaves. The simulation results show that the radar images of the frequency modulation is useful to measure sea surface † Corresponding author: tyoshida@iis.u-tokyo.ac.jp This paper was selected and reviewed for publication from EAWOMEN waves. 2. Effect of microwave irradiation width: It is reported (Rheem[2008] ) that microwave irradiation width on the sea surface affects Doppler spectra measured by a CW (Continuous wave) Doppler radar. Therefore the relation between the microwave irradiation width and the Doppler spectra is evaluated numerically. We have shown the suitable condition for wave height estimation by a Doppler radar. 3. River observation (Water level observation): We have also evaluated algorithms to estimate water current and water level of river. The same algorithms to estimate sea surface current and sea surface level are applied to the river observation. The simulation is conducted to confirm the accuracy of the river observation by using a pulse Doppler radar. 4. Synthetic aperture radar (SAR) image: SAR images are helpful to observe the global sea surface. However, imaging mechanisms are complicated and validation of analytical algorithms by SAR images is quite difficult. In order to deal with the problems, SAR images in oceanic scenes are simulated.
INTRODUCTION
Water area observations are foundations for the researches of the ocean and rivers. Microwave radars are used to observe water surface conditions such as wave heights, water levels and water surface currents. The principle of water surface observations by microwave radars is radiating microwaves to water surfaces and the water surface profiles estimated by analyzing backscattered microwaves. When the microwaves are radiated to the water surfaces, the backscattered microwaves show the scattering properties corresponding to the conditions of the water surfaces. Amplitude and frequency of backscattered microwaves are modulated by water surface profiles. The backscattered microwaves are analyzed to acquire the conditions of the water surfaces.
Basically, the microwave backscattering from water surfaces has been explained by scattering theories (Wright [1966] , Valenzuela [1978] ). However, most scattering theories have mentioned about the amplitude modulation and they have hardly mentioned about the frequency modulation. Especially Doppler radars are widely used to measure water surface conditions by analyzing the frequency modulation. Therefore, simulation techniques are considered as an effective method to evaluate microwave backscattering including amplitude and frequency modulations. Also, simulation techniques were expected to be a substitute for an experiment. Observing algorithms of remote sensing with microwave radars have been verified by water tank experiments. However, the experiments can be conducted under the simple condition, because there are a lot of limitations such as equipments, water conditions, etc.
Thus the simulation will be a useful tool to evaluate water surface observation methods. In this paper, the simulation method is explained at first. The validity of the simulation is shown by comparing with results of a water tank experiment Rheem [2007] . Then, we show some utilizations of the simulation technique. We have simulated microwave backscattering with a pulse Doppler radar and evaluate water surface observation methods by radar images. Next an algorithm of a wave height observation Rheem [2008] is evaluated by the simulation. And the simulation has been improved for water level observation with considering antenna beam pattern Rheem [2011] . In addition, the simulation has been applied for synthetic aperture radar.
SIMULATION METHOD
The coordinate system and the flowchart of the simulation are shown in Fig. 1 Fig. 1 , θ denotes the incident angle of the antenna and ϕ is the azimuth angle. The Calculation area (numerical sea surface) is divided into triangular computational grids. The scale of the computational grid is 1/ 10 of the wavelength of microwave to generate Bragg resonance waves explained by Wright [1966] . The details are described as follows.
Microwave backscattering is influenced by the wind wave whose wavelength is the same level as the microwave. In the simulation, the transmit microwave is X-band (0.03125 m), and the polarization is VV. Local sea surface profiles are numerically generated by wind wave spectra. Mitsuyasu and Honda [1974] spectrum is used in this study. They proposed a high frequency wave spectrum S(ω) which gives frequency and wind speed dependences as following equation.
( 1) where ω is the angular frequency of the spectral component and u * is the friction velocity of the wind. α s is the value relating to u * . g * is gravitational acceleration with regard to surface tension. Irregular sea surface elevation z is expressed as the summation of linear waves with random phase ε, and is the following equation (2) where k is the wave number, θ' is the angle of wave direction, D(θ') is the dimensional distribution function. The number of component waves is M, the number of directions of component waves is N.
Rheem et al. [2003] proposed dispersion relation of capillary waves described by the following equation and they measured wind wave data (roughness parameter z 0 , surface current velocity u 0 , uniform current velocity u c and gradient drift current u r ). In order to generate numerical sea surface profiles with capillary waves as wind waves, we use following dispersion relation (3) where Chi is hyperbolic cosine integral and Shi is hyperbolic sine integral. Numerically-simulated sea surface conditions at one time is shown in Fig. 3 .
The formula relating the power density S i of an antenna to the input power P is as follows. (4) where R is the distance from the observation point to the scattering point. The gain G of an antenna is defined as the ratio of the power density radiated by the subject antenna to a lossless isotropic antenna.
The main lobe of the antenna beam is expressed approximately as the following equation (5) where G 0 is the maximum gain. β is the angle defined as the directional properties of the radiation pattern. β 1/2 is the antenna half power beam width defined as the angular width of the main lobe between the angles at which the magnitude is equal to half of its peak value.
Physical optics approximation is applied to calculate the scattering electric field E s by the surface integral of induced surface electric currents J. The calculation area is divided into the number of N'. The position of nth grid is r n , the area of total computational grids is A n . Discrete surface integral of scattering electric field is expressed as follows. The position of the antenna is r and it is assumed that the antenna is far from the sea surface.
(6) (7) where ω e and k e are the angular frequency and wave number of microwave, respectively. µ is the magnetic permeability. n is the surface normal vector of each computational grid and H i is the incident magnetic field.
Radar cross section represents the ability of scattering microwave energy to an antenna and it is defined as following equation (8) where E i is the incident electric field. Backscattering coefficients are defined as σ/A, where A is a microwave illumination area.
When a water particle is moving at a velocity (toward an antenna) v r , The Doppler shift ∆f is described as following equation (9) where f 0 is the frequency of incident microwave, c is the light velocity. Doppler spectra are obtained by analyzing backscattering electric fields which are modulated in frequency. In the actual wave observation by using a Doppler radar, received is verified to be a substitute for an experiment. 
RADAR IMAGE WITH A PULSE DOPPLER RADAR
As an application of the simulation technique, we have sim- In the case of the regular wave, the water surface elevation is shown in Fig. 7(a) , the simulated radar image of backscattering coefficients and Doppler velocities is shown in Fig. 7(b) and (c). In the case of the irregular wave, the water surface elevation is shown in Fig. 8(a) , the simulated radar image of backscattering coefficients and Doppler velocities is shown in Fig.   8 The wave conditions such as wave lengths, wave heights and 
EFFECT OF MICROWAVE IRRADIATION WIDTH
Wave height has been estimated by the algorithm, which is These parameters must be decided with regarding to the scale of the water surface as the observing target. We have carried Table 1 .
In Fig. 10 
RIVER OBSERVATION (WATER LEVEL OBSERVATION)
Transmitted microwaves have an antenna beam pattern, thus received signals which are backscattered from the water surface are also influenced by the antenna beam pattern. Fig. 11 shows an antenna beam pattern of main lobe schematically. level is high, the peak value of the received signal is shifted toward the antenna. The results show the possibility that the simulation is able to be an application for water level observation. From the simulation, we could obtain tendencies about changes of received signal patterns. However, the simulation has been conducted in the ideal condition for simplicity. As a next step, we have to consider noise effects in order to evaluate water level observations by a pulse radar.
SYNTHETIC APERTURE RADAR IMAGE
Global sea surface data can be acquired by using a Synthetic Aperture Radar (SAR). However, SAR imaging mechanisms of the sea surface are complicated. In addition, analytical algorithms, which retrieve sea surface data such as the wave heights and the wave directions from SAR images, are difficult to val- 
In the simulation of SAR images, physical optics approximation is applied to calculate scattering electric field as expressed in Eq. (6) (7). Fig. 14 shows a schematic image of SAR image simulation. To calculate SAR signals, the magnetic field is converted to a SAR system and it is described as follows, where R is the distance from the radar and the computational grids, R c is the distance from the radar and the center of the chirp pulse. In this paper, we have just mentioned in the case of point targets. We will simulate SAR images from the sea surface. It is well known that SAR images in oceanic scenes contain velocity bunching which is causing nonlinear imaging process. The time domain simulation can be obtained SAR images including velocity bunching. We will be able to gain physical insight of ocean SAR images by using the simulation. Also the simulation will support to develop analytical algorithms which retrace ocean data from SAR images.
CONCLUSIONS
This paper shows the utilizations of the simulation which obtain the microwave backscattering from numerical water surfaces. The validity of the simulation technique is verified by comparing with the results of the water tank experiment. The simulation is effective to calculate the microwave backscattering from the water surface changing with time. Therefore, this simulation technique can be a substitute for experiments.
As a utilization of the simulation technique, radar images with a pulse Doppler radar are simulated. Wave conditions are H i r n t r t a , , ( ) exp(i2πf c 2R r n t r t a , , ( )/c ( ) + = iα 2 R c t r t a , ( ) R r n t r t a , ,
Fig. 14. Schematic image of SAR simulation. that SAR images in oceanic scenes are including modulation effects due to the orbital motions of the sea surface. Therefore, the simulation will be carried out from the sea surface to obtain the SAR images including modulation effects. As future plans, we attempt to clarify SAR imaging mechanisms of sea surface and to contribute for developing analytical algorithms with simulated SAR images.
